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The growing world population with its urbanization are increasing energy 
consumption [1,2], which is projected to double by 2050 and triple by 2100 [3]. 
Currently, most of the energy is still supplied by fossil fuels, which has led to 
severe environmental problems [3], notably climate change. Renewable energy 
technologies offer solutions to this problem and are expected to be the fastest-
growing energy technologies in the coming years, with an expected average 
growth of 2.3% per year till 2040 [4]. Among renewable energy technologies, 
photovoltaics (PV) has seen a sharp growth in the last decade with a current 
generational capacity of 510 GWp [5]. This is a result of achieving ‘grid-parity’ 
in most countries and decreased solar cell costs of over 85% between end of 
2009 and first half of 2018 with a total investment of more than $142 billion [6]. 
The establishment of grid-parity will further accelerate PV installations allowing 
it to become a leading contributor to world electricity production by 2040 [7].    
Among PV devices, crystalline silicon (c-Si) solar cells have dominated 
the market with power conversion efficiencies (PCEs) exceeding 26% thanks to 
their heterojunction with intrinsic layer technology based on thin hydrogenated 
amorphous silicon (a-Si:H) passivating layers and on interdigitated back 
contacts on n-type silicon wafers [8,9]. However, as recent technologies are 
evolving into flexible, versatile and portable electronics, there is also demand 
for manufacturing solar cells in roll-to-roll processes. Such solar cells would be 
thin, flexible and could be directly incorporated into buildings, e.g. as roofing 
shingles. Thin film solar cells, including those made of a-Si:H are suitable 
materials for roll-to-roll production with the advantages of reduced fabrication 
costs, increased light absorptivity, and reduced solar cell thickness, thereby 
reducing material consumption and device weight [10]. Additionally, a-Si:H can 
be deposited on any foreign substrate by plasma enhanced chemical vapor 
deposition (PECVD) at close to room temperature [10]. However, as the carrier 
mobility of a-Si:H is low, an expensive transparent conducting layer as the top 
contact is needed, such as indium tin oxide (ITO) [11]. Therefore, ITO-free solar 
cells have become an important focus of research for next generation PV devices 
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[12,13,22,23,14–21]. Several studies have been reported combining inorganic Si, 
a-Si:H with organic conductive polymers (OCPs) [12,13,16,19,22,24]. Moreover, 
carbon-based materials such as carbon nanotubes (CNTs), in particular single-
walled CNTs (SWCNTs), have made major contributions to solar cell 
development in recent years [25–29] and are termed as ‘hybrid solar cells 
(HSCs)’. Although, several attempts have been made to develop HSCs as a-
Si/CNTs, a-Si/OCPs, and CNTs/OCPs, their PCEs have been too low for 
practical applications [16,30–32].  
CNTs are promising materials for thin-film solar cells owing to a wide 
range of properties from conductors to semiconductors with variable bandgaps 
based on their atomic structure [33]. While CNTs can have multiple number of 
walls, SWCNTs exhibit excellent opto-electrical advantages over double and 
multi-walled CNTs [34]. For this reason, SWCNTs have been used extensively 
as electrodes in many solar cell devices, replacing brittle ITO, fluorine-doped tin 
oxide and expensive metal electrodes, especially in c-Si, polymer and more 
recently in perovskite-based solar cells [25,26]. Although SWCNTs have 
superior opto-electro-mechanical properties, solar cells based on SWCNTs have 
not yet matured for practical applications. Moreover, our understanding of the 
limitations of SWCNTs and solutions to optimize these for PV applications is 
limited.  
This doctoral thesis therefore aims to investigate the underlying 
fundamental limitations of SWCNTs and provide necessary innovative solutions 
to allow their optimal usage in PV and other opto-electronic applications. The 
mechanisms affecting SWCNTs/a-Si:H heterostructures like physical contact or 
adhesion of SWCNTs with a-Si:H, the opto-electrical properties and inter-tube 
resistance of SWCNTs, and carrier transport and collection at the interface of a-
Si:H and SWCNTs are studied. An energy efficient, environmentally friendly 
and low cost process technology is developed for fabrication of hybrid thin film 
solar cells combining a-Si:H and SWCNT films by eliminating boron-doped a-
Si:H, transparent conductive layers like ITO, and other traditional metal layers 
like Au, Ag, Al, and Cu. SWCNTs are proposed as a window layer p-type 
transparent conductive film (TCF), a potential replacement for all the 
aforementioned layers and processes, thereby resulting in a less energy-
consuming process technology, minimizing material consumption and reducing 
the net cost.  
Despite the relatively short time for development of HSCs based on a-
Si:H and SWCNT films the results achieved in this project were motivating. 
However, their relevant working principles have scarcely been investigated or 
Introduction
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are limited to SWCNTs as an electrode. The excellent conductivity and 
transparency make the SWCNTs material an excellent choice for this task. It has 
high conductivity with semi-metallic characteristics and is doped to its p-type 
state. The main highlights of this thesis are the first quantitative evaluation of 
the adhesion of SWCNT films to some common substrates, development of a 
rational design for a state-of-the-art p-type TCF using multifunctional 
component layers to form a single composite layer based on SWCNTs and the 
establishment of a-Si:H/SWCNTs HSC design with a state-of-the-art PCE of 
8.8%. 
This thesis is based on the five original publications listed in the List of 
Publications and divided into five chapters. It is organized as follows:  
Chapter 1 gives an overview as well as the outline of the thesis. Chapter 2 
comprises the brief background of HSCs as well as materials used in this thesis 
as thin films of a-Si:H, SWCNTs, PEDOT:PSS, molybdenum oxide, and CNT 
fibers. A short review of a-Si:H and SWCNT HSCs is given. Chapter 3 presents 
details of the experimental methods for optical and electrical measurements, 
chemical composition, surface morphology, and solar cell characterization. 
Chapter 4 presents the main results on the influence of adhesion of SWCNT 
films to common substrates, introduction of PEDOT:PSS into SWCNT films and 
its opto-electrical properties, HSC fabrication and characterization, a rational 
design of a TCF using a combination of SWCNT film, transition metal oxide, 
PEDOT:PSS and SWCNT fibers carefully matched to form a state-of-the-art p-
type TCF, opto-electro-mechanical properties of p-type TCF, fabrication of 
HSCs based on a-Si:H and TCF, and characterization of HSCs. Chapter 5 
summarizes this thesis. 
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2. Hybrid solar cells and their compo-
nents
‘‘Hybrid” solar cells combine inorganic and organic materials that are matched 
for desired physical and opto-electrical properties, functionalization of surfaces 
or organic/inorganic heterostructures [35]. Device performance is heavily 
influenced by their electronic structure [35]. The approach in this work is to 
combine a-Si:H and SWCNT with PEDOT:PSS thin films as a highly efficient 
hybrid heterostructure solar cell. As SWCNT films are predominantly p-type, 
they are combined with hole transport PEDOT:PSS as a composite to form p-
type TCFs. The current is mainly generated in the a-Si:H absorber layer. 
Furthermore, these hybrid solar cells are manufactured using a simple 
fabrication process that is detailed in this thesis.    
 
2.1 Previous work and development 
During the last decade, the development of HSCs utilizing thin-film a-
Si:H, SWCNTs and OCPs like PEDOT:PSS, P3HT, PCBM, MEH-PPV, PCPDTBT 
and polypyrole has gained increasing interest thanks to their low fabrication 
cost, large area and the ability to produce mechanically flexible photovoltaic de-
vices at a low processing temperature [12,13,16,17,19,36]. A large body of work 
has reported a-Si:H/OCPs with PCEs up to 3%. Further, carbon nanomaterials 
and especially SWCNTs have also been employed owing to their exceptional 
properties forming heterostructure solar cells with OCPs and a-Si:H, respec-
tively [30–32,37–39]. SWCNTs have also made a major contribution to hetero-
structure solar cell development with C-Si and more recently with perovskites 
[26,29].  
However, significant progress and the breakthroughs required for the 
use of CNTs/OCPs and CNTs/a-Si:Hs in real applications have not been 
achieved. Some reasons for this include the poor opto-electronic properties of 
SWCNTs, highly unstable OCPs, non-conformity and poor physical contact, 
large interface resistance, a high Schottky barrier causing band-offsets, and the 
high tube-tube resistance of SWCNTs. These issues have led to very modest 
device performance with low currents and high junction recombination [26,40]. 
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There is hence significant potential for the improvement of these materials to 
allow them to be contenders for flexible and wearable electronic applications. In 
this work, each of the problems is systematically studied to provide solutions to 
overcome the limitation of HSC efficiency. The material combines abundance 
and high transparency with good electrical properties and non-destructive 
techniques are used for its fabrication.  
 
2.2. Amorphous Thin-Film Silicon 
Thin-film a-Si is a well-studied material that has long range disorder and 
can be deposited by silane as a precursor gas in a CVD process. In this form, 
however a-Si has a high defect density (1019 cm-3) of dangling bonds. They act as 
primary recombinations centers that reduce the carrier lifetime, diffusion and 
drift lengths, and pin the Fermi energy such that the material cannot be 
effectively n- or p-type doped, and hence is not electronically useful. However, 
it was shown that incorporation of about 10% hydrogen during the deposition 
process greatly reduces the density of these defects to about 1015 cm-3, and that 
this hydrogenated material can be either n- or p-type doped [41]. The a-Si:H has 
a larger mobility gap and optical absorption coefficient than c-Si. Unlike c-Si, 
the edges of the valence and conduction bands are not well defined, and exhibit 
a continuous distribution of density of states. The energy states in which the 
charge carriers can be considered as free carriers are described by wave 
functions that extend over the whole atomic structure. These states are 
nonlocalized and are called extended states. The disorder in a-Si:H causes the 
wave functions of the tail and defect states to become localized within the atomic 
network. These states are called localized states. Consequently, mobility that 
characterizes the transport of carriers through the localized states is strongly 
reduced. This feature of a sharp drop in the mobility of carriers in the localized 
states in comparison to the extended states is used to define the bandgap in a-
Si:H. This bandgap is denoted by the term mobility gap, Emob, because the 
presence of a considerable density of states in the mobility gap is in conflict with 
the classical concept of a bandgap without any allowed energy states. The energy 
levels that separate the extended states from the localized states in a-Si:H are 
called the valence band, EV, and the conduction band, EC, mobility edges. This 
is shown in Figure 2-1 [11,42]. The mobility gap of a-Si:H is larger than the 
bandgap of single crystal silicon and has a typical value between 1.7 eV and 1.8 
eV [11]. Therefore, just 1 μm thickness of a-Si:H is sufficient to absorb virtually 
all of the incident light that is ≥mobility gap [11].  
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Hence, a-Si:H has played a crucial role in solar cells as intrinsic absorber 
layers with doped layers for building PIN and NIP junctions, and an increasingly 
important role in combination with c-Si in HIT solar cells [11,41,43]. The 
advancement of thin-film electronics and in particular solar cells has been 
credited largely to a-Si:H. It has the distinct advantage of cost-effective 
deposition from the gas phase by PECVD at relatively low temperatures (<100 
°C), thereby enabling its deposition onto temperature-sensitive and low cost 
substrates such as polymers [44]. Besides a variety of designs of the plasma 
reactor (diode, triode configurations), a range of frequencies from radio 
frequencies to ultrahigh frequencies is applied. Modifications like remote 
plasma reactors, where dissociation is spatially separated from deposition, or 
dissociation by an electron cyclotron resonance reactor or a hot wire CVD, have 
an influence on film quality. More detailed information on the material and its 
processes can be found in the literature [11,41,44]. 
 
Figure 2-1. Electronic structure in amorphous silicon described by the density 
of states as function of energy N(E) [11,42]. 
In general, three types of states can be identified: (1) extended band-like 
states (shaded grey area in Figure 2-1), similar to the conduction and valence 
band in c-Si, resulting from overlapping electronic wavefunctions of non- or 
only slightly distorted bonds in the network. Charge carriers can move freely in 
these states [45]. (2) Localized band-like states or tail states, resulting from 
more strongly distorted and thus weak bonds, where no overlap of 
wavefunctions occurs. At room temperature, charge carriers in these states are 
frequently excited to the conduction band and recaptured, resulting in a reduced 
mobility. Consequently, mobility edges are defined at the transition from 
localized to extended states, as indicated in Figure 2-1. In between the mobility 
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edges, the mobility gap serves as an equivalent to the band gap in crystalline 
silicon. As the edge from extended to localized states is not abrupt, the value for 
the mobility gap depends on its definition or evaluation, impeding a direct 
comparison of absolute values. (3) Localized defect states resulting from highly 
distorted or mostly non-saturated bonds, so-called dangling bonds. These build 
up a distribution of defect states inside the band gap, which act as 
recombination centres for charge carriers and thus reduce the lifetime of excess 
carriers [41,45].  
The a-Si:H stability was examined by Staebler and Wronski in 1977, who 
deduced that the conductivity of a-Si:H films is reduced upon illumination [46]. 
This so-called Staebler-Wronski effect (SWE) is due to an increased defect 
density resulting from broken Si-H bonds under sample illumination [47]. This 
in turn results in a deterioration of solar cell performance, which stabilizes after 
a certain illumination time. The effect is metastable and initial efficiencies of 
solar cells can nearly be retrieved upon annealing at temperatures below the 
deposition temperature, typically at 160 ◦C for deposition temperatures of 180-
200 °C [11].  
 
2.3 SWCNT films 
SWCNTs have rapidly been incorporated into the development of new 
types of solar cells comprising SWCNT films, graphene or a polymer and silicon 
or more recently perovskites [25,26,28,29]. They have the advantages of a sim-
ple structure and fabrication, low-cost and promising performance.  
SWCNTs are hollow cylinders that can be visualized as having been 
formed by rolling-up a graphene sheet which is an extended planar hexagonal 
lattice of purely sp2-bonded carbons [48]. This unique structure has high flexi-
bility, surface area, carrier mobility, chemical stability and optoelectronic prop-
erties. Owing to its direct sub-band gaps, tunable photoabsorption from the NIR 
to the UV range and high conductivity, thin SWCNT films can be used not only 
as perfect p-type window layers to collect holes in solar cells, but also as trans-
parent conductive electrodes [26,40]. Among SWCNT production techniques, 
thin films produced by aerosol CVD have been the most successful in hetero-
junction solar cells [25]. In this section, SWCNT films produced by the aerosol 
CVD technique are briefly discussed. More information on the material and its 
processes can be found in the literature [25,33,48].  
Aerosol CVD synthesis. Among the various synthesis approaches, 
the aerosol CVD (floating catalyst) method has proven to be a reliable technique 
Hybrid solar cells and their components
26 
to produce high-quality SWCNT films with tunable parameters. The main ad-
vantages of this method are the high purity and uniformity of the product, a 
high-yield process completely free from liquid phase or surfactant cleaning, re-
duced bundle formation and flexibility in terms of substrate selection. All the 
SWCNTs film used in this thesis were synthesized by the aerosol (floating cata-
lyst) method and consist of 1/3 metallic and 2/3 semiconducting nanotubes; 
therefore they have a certain bandgap and chirality, that influences its electrical 
and optical properties [49]. The statistical fractioning of randomly oriented 
SWCNTs in films limits the conductivity by the introduction of Schottky barriers 
between the nanotube contacts, which leads to contact resistance that cannot be 
overcome without further modification process [49].  
Briefly, the synthesis is based on catalyst thermal decomposition and a 
CO disproportionation reaction on a catalyst particle surface. During this pro-
cess, catalyst particle formation and subsequent SWCNT growth take place di-
rectly in the reactor flow (Figure 2-2a). The reactor consists of a quartz tube 
placed in a furnace (hot zone), a precursor cartridge (filled with ferrocene/sili-
con dioxide mixture) and a gas supply system (Figure 2-2a). Catalyst precursor 
(ferrocene) vapor is delivered into the reactor hot zone by passing a gas stream 
(CO) through the pre-heated cartridge at 60 °C. Additionally, the flow of CO and 
CO2 mixture passes through the reactor. Here, CO2 increases the catalyst life-
time as it preserves the catalyst from deactivation [50,51]. The addition of CO2 
helps to control the output parameters of produced SWCNTs (for instance, 
longer nanotubes can be yielded at long catalyst lifetimes) as well as other syn-
thesis conditions. The typical synthesis temperature range is from 750 to 1100 
°C. Therefore, after partial ferrocene decomposition and catalyst particle for-
mation in the hot zone, catalytic CO disproportionation takes place along with 
the decomposition of hydrocarbon and ferrocene, which eventually lead to the 
dissolution of carbon into nanoparticles. This results in nanoparticles saturation 
by carbon and carbon layer formation on the catalyst particle surface (SWCNTs 
are formed in cases when catalyst particle size is less than or equal to 5 nm). The 
SWCNTs film is then collected on a nitrocellulose filter. The surface morphology 
of randomly oriented SWCNTs is shown in Figure 2-2b and c. 
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Figure 2-2. (a) Typical SWCNT aerosol-synthesis reactor (left) and SWCNT 
formation scheme during the synthesis process (right) [49,51,52]; (b) SWCNT 
films collected on nitrocellulose filters with different thicknesses [53]; (c) Sur-
face morphology of randomly oriented SWCNTs. 
 
Doping: SWCNT films reveal various outstanding optical and electronic 
properties but still have an issue with the reduction of Schottky barrier between 
semiconducting and metallic nanotubes. This has led to several processing 
methods to increase their optoelectronic characteristics. The techniques are 
based on the shift of the Fermi level (EF for metallic (M) or semiconducting (S) 
nanotubes) position. In pristine nanotubes the EF is usually located in the mid-
dle of density of states (DOS). Therefore, if the electrons or holes are added to 
SWCNTs, the EF is shifted upward (n-type doping) or downward (p-type dop-
ing), compared to the initial position (Figure 2-3a and b), and conductivity in-
creases. Normally, due to the presence of oxygen in the atmosphere, nanotubes 
become p-type doped, which is again related to the shift of EF under ambient 
conditions. 
Among several key strategies to modify the charge carrier type (substi-
tutional doping, doping in an electrostatic field, work function change (ΔΦ) 
when connected to the metal, ambipolarity, etc.), the adsorption doping has nu-
merous advantages [54,55]. The feasibility reason for this method is the expo-
sure of all carbon atoms of SWCNTs to the environment. In this way, any 
atom/molecule put on a SWCNT causes charge transfer between the atom/mol-
ecule and a nanotube [56,57]. Thus, the selection of an appropriate chemical 
Hybrid solar cells and their components
28 
dopant that will be put on the SWCNTs is highly important to achieve the de-
sired conductivity. Chloroauric acid (HAuCl4) and gold chloride (AuCl3) are the 
chemical dopants used in this study as reported [54,56]. 
 
Figure 2-3. Density of states (DOS) of pristine and doped (a) semiconducting; 
and (b) metallic SWCNTs, respectively. 
 
2.4. PEDOT:PSS 
PEDOT:PSS (Figure 2-4), one of the most classic OCPs, is the most 
widely used material for fabricating existing PVs as hole transport layers, dis-
plays and transistors and various sensing electronics including strain, pressure‐
, temperature‐, humid‐, and biosensors, because of its optical transparency in 
the visible range, tunable electrical conductivity and Wf, high flexibility, stretch-
ability, etc. [58]. PEDOT:PSS is a polymer electrolyte incorporating conducting 
conjugated PEDOT with positive charges and insulating PSS with negative 
charges. Oxidized PEDOT is highly conductive, but is insoluble in water; 
whereas insulating PSS facilitates the dispersion of PEDOT in water and enables 
a stabilized PEDOT configuration by Columbic attractions. As‐cast PEDOT:PSS 
films have an inherent direct current electrical conductivity (σ) of no more than 
1.0 S cm−1; whereas the modified films are able to show a substantial improve-
ment in conductivity to 2–3 orders of magnitude (the best values reach 4000 S 
cm−1) through the modification of polar solvents, strong acids, and ionic liquids 
[59]. Additionally, the films have a typical Wf: 4.8–5.4 eV that is favored for 
charge transfer and injection with fast kinetics, and the films are preferably used 
in opto-electronic devices as a p‐type contact layer [58]. In this study, PE-
DOT:PSS was used from the pre-mix of commercially available 5 ml PE-
DOT:PSS (1.3 wt.%; Sigma-Aldrich) aqueous suspension with 120 μl of glycerin, 
250μl of N-methylpyrrolidone, and 6.25 ml of isopropyl alcohol (IPA). 
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Figure 2-4. Chemical structures and features of PEDOT:PSS [59]. 
 
2.5 Molybdenum oxide 
The use of metal oxide layers such as MoO3 in solar cells has recently 
been in focus [29,60–62]. In the past few years, the high work-function of MoO3 
(6.5 to 6.8 eV) commonly deposited by thermal evaporation, sputtering, and 
atomic layer deposition has been successfully used as a hole-injection and –ex-
traction material in solar cells which creates a large built-in voltage[18,61–64].  
Park et al. replaced the conventional p-type a-Si:H and hydrogenated amor-
phous silicon carbide with MoO3 [60]. In a recent report, a c-Si solar cell with a 
MoO3 layer between a SWCNT film and Au anode was fabricated [29]. The PCE 
increased to 14.2% with the MoO3 layer compared to 11.5% for the pristine 
SWCNTs/Si solar cell with a reduced reflection, indicating AR properties of 
MoO3 [29]. Recently MoO3 nanoparticles have been incorporated into PE-
DOT:PSS solution to form a composite which is an efficient hole transport layer 
in perovskite solar cells [65].  
 
2.6 CNT fibers 
In traditional p-n or p-i-n junction solar cell structures, either fine metal 
grids with Au, Ag, Al, Cu, or Ag NWs are deposited, or sputtered ITO as a 
transparent conductive oxide film is used [66]. However, when using a SWCNT 
film, which is a randomly oriented porous network of interconnected 
nanotubes, it is possible that metals will penetrate through the porous network 
and get into contact with the active layers underneath to form undesired metal-
semiconductor junctions during deposition. Jeong et al. deposited gold grids on 
PEDOT:PSS/Si solar cells which resulted in a reduced current density (Jsc) from 
35.6 to 31.0 mA/cm2 [67]. To overcome this problem, Li et al. used a high 
density and low porous network of SWCNT films in their SWCNT/C-Si solar cell 
with spin-coating of Ag NWs [66].  In a recent report, CNT strips have been used 
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on top of transparent CNT films to fabricate a heterojunction CNT/Si solar cell. 
The authors showed that the CNT strips not only decrease the series resistance 
of the CNT thin film, but they also helped to form a better junction with the 





This section details the basics of all the experimental measurement techniques 
used in this work: the optical properties of SWCNT films, PEDOT:PSS, 
SWCNTs-PEDOT:PSS composite, and SWCNT fibers were measured using UV-
Vis-NIR spectroscopy; the chemical composition of the SWCNT film, MoO3 and 
depth profile of HSC were measured using XPS; the electrical properties of 
SWCNT films, PEDOT:PSS, SWCNTs-PEDOT:PSS composite, and SWCNT 
fibers were measured using the linear 4-probe method; the structural analysis 
and surface morphology of the SWCNT films and the SWCNT-PEDOT:PSS 
composite were measured using TEM and SEM, and the cross-section of HSC 
was also measured using SEM; the surface morphology, RMS roughness and 
surface potential for work-function of the SWCNT films and the SWCNT-
PEDOT:PSS were measured using AFM and KPFM; and all the fabricated HSCs 
were measured for their performance using J-V and EQE measurements.  
 
3.1 UV-Vis-NIR spectroscopy 
UV-Vis-NIR spectroscopy is a common and robust technique to study 
the optical properties of SWCNTs when used as TCFs that depend on the 
transmittance value at 550 nm (T550). In addition to that, the film thickness can 
be easily estimated when the absorbance is known as following: Thickness (nm) 
= 417 × Absorbance550 nm [68]. The typical set-up consists of a white light source, 
diffraction mirrors enabling wavelength selection and detectors, covering the 
studied wavelength range. In Publication 1, the absorbance was recorded by a 
Perkin-Elmer Lambda 1050 spectrometer with a wavelength ranging from 175 
to 3200 nm, the aerosol synthesized SWCNT thin film is dry-transferred [53] 
onto optically transparent quartz (20×25×1 mm). In Publication 3, optical 
transmittance was recorded by a Perkin-Elmer Lambda 1050 spectrometer with 
a wavelength ranging from 175 to 3200 nm, total reflectance was measured 
using a Bentham PVE 300 (300-800 nm). Both the equipment were first 
calibrated without samples and reference. After calibration the measurements 
were conducted by placing the sample in the beamline center and using a bare 
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quartz substrate as a reference. In Publication 4, total transmittance was 
recorded using a Bentham PVE 300 (300-800 nm).  
 
3.2 XPS measurements 
XPS is a surface analysis technique which provides both elemental and 
chemical state information virtually without restriction on the type of material 
analyzed. The sample is illuminated with X-rays - monochromatic or unfiltered 
Al Kα or Mg Kα - and photoelectrons are emitted from the surface. The kinetic 
energy of these emitted electrons is characteristic of the element from which the 
photoelectron originated. The position and intensity of the peaks in an energy 
spectrum provide the desired chemical state and quantitative information [69]. 
The chemical state of an atom alters the BE of a photoelectron which results in 
a change in the measured KE. The BE is related to the measured photoelectron 
KE by the simple equation; BE=hv-KE, where hv is the photon (x-ray) energy. 
The chemical or bonding information of the element is derived from these 
chemical shifts [69]. 
In Publications 1, 3 and 4, a Kratos Analytical Axis Ultra DLD 
spectrometer equipped with a monochromatic Al Kα X-ray source and an 
achromatic Mg Kα / Al Kα dual anode X-ray source was used to measure the 
elemental composition of ZrO2 and a-Si:H cantilever tips, SWCNT film, and 
MoO3, respectively. The monochromatic Al Kα anode (1486.6 eV) was operated 
at 150 W and 15 kV. The 180° hemispherical energy analyzer with an average 
radius of 165 mm was operated using a hybrid lens mode at a pass energy of 160 
eV for survey spectra and 20 eV for regions spectra. Additionally, in 
Publication 4, 40 eV pass energy was used for depth profile of the TCF3 hybrid 
solar cell. XPS spectra were recorded at a takeoff angle of 90° from the surface 
of the sample holder using an aperture slot of 300 × 700 μm2. Samples were 
mounted on a stainless-steel sample bar (130 × 15 mm2). The binding energy 
values were calculated on the basis of the C 1s peak at 284.6 eV. The relative 
atomic concentrations of the elements were determined from the appropriate 
integrated peak areas at the core level and the sensitivity factors provided by the 
original analysis Kratos Vision 2.2.10 software. The Shirley background 
subtraction was used to calculate relative atomic concentrations. For surface 
cleaning and the bulk composition information, Minibeam I ion (Ar+) source (2 







3.3 Four-point probe measurement 
The most common method for measuring the sheet resistance of any 
semiconductor material is the 4-point probe. It is well-known that for a regular 
three-dimensional conductor, the resistance R follows [70]  
? ? ? ?? ? ?
?




? ? ?? ?
?
?? 
where ρ is the resistivity, L is the length, A is the cross-section, W is the width 
and t is the thickness of thin film. 
For the 4-point probe, the linear method is used throughout this thesis 
(Jandel RM3000), the sheet resistance, Rs and corresponding conductivity, σ is 
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The idea of the linear 4-point probe is to use four electrodes, which are 
linearly placed close to each other and far from the sample edges as shown in 
Figure 3-1. Two electrodes are used to apply current (outer electrodes), while 
the other two register the voltage (inner electrodes). The separation of current 
and voltage electrodes eliminates the lead and contact resistance from the meas-
urement. Since the measured resistance of the film depends on its thickness, 
usually two more characteristics are calculated, which can be used to compare 
different materials – the ??? and equivalent sheet resistance (???) for a film 
with ?? and light absorbance at ?????? (????) [53]: 
??? ? ??? ? ????
????? ?
?? ? ????
?????? ?? ?? 
 
 







3.4 SEM and TEM 
Electron microscopy techniques are powerful tools for the 
characterization of individual SWCNTs as well as the film morphology. In this 
work, we used SEM to observe the surface morphology and cross-section of the 
SWCNT film and hybrid solar cells; and TEM to analyze the nanoscale structure 
of SWCNT film.  
In Publication 1, the SEM measurements were performed using a 
JEOL JIB-4700F Multi Beam system for the surface morphology and cross-
section of the SWCNT film. Prior to ion milling, a 1 μm thick Pt layer was 
deposited to avoid gallium ion beam damage to the nanotube film. For coarse 
and fine milling, the probe currents were set to 3 nA and 300 pA at 30 kV, 
respectively. The final polishing was performed by a 30 pA probe current and 5 
kV accelerating voltage. In Publication 2, a Carl Zeiss NEON 40 EsB field 
emission SEM combining a GEMINI lens design with an advanced Canion FIB 
column (equipped with Gallium liquid metal ion source) was used (installed at 
DLR Institute of Networked Energy Systems, Oldenburg, Germany) for 
measuring the cross-section of the hybrid solar cell. Prior to investigation, the 
sample was coated with a thin metal contrast layer. The cross-section was 
formed with focused ion beam at 2 mA emission current, 30 kV acceleration 
voltage and 10 nA milling current. Multi-step polishing was performed at 
milling currents from 200 to 20 pA. The SEM image was obtained at 20 kV 
acceleration voltage using in-lens secondary electron detectors. In Publication 
3, a FEI Helios Nanolab 660 SEM was used with a maximum accelerating 
voltage of 30 kV to investigate the morphology of SWCNT film and SWCNT/a-
Si solar cell cross-section. In Publication 4, surface morphology and film 
thickness were measured with a high-resolution HR-SEM Zeiss Merlin 
(installed at Tallinn University of Technology) equipped with an In-Lens SE 
detector for topographic imaging.  Measurements were made at an operating 
voltage of 2 kV. 
TEM measurements were performed on SWCNT films in Publication 
3 and 4 by simply transferring the films onto a Lacey carbon-coated TEM-grid. 
A double aberration-corrected high-resolution TEM FEI Tecnai G2 F20 (HR-
TEM) was used to investigate the structure and geometry of the nanotubes. The 
microscope was operated at an accelerating voltage of 80 kV (Publication 3) 






3.5 AFM and KPFM 
AFM is a well-known technique that can be used to visualize and 
measure surface structure with unprecedented resolution and accuracy [71]. It 
is also used to measure force-distance curves, which provide valuable 
information on local material properties such as elasticity, hardness, Hamaker 
constant, adhesion and surface charge densities [72]. It can be operated in 
contact- and non-contact-mode. KPFM is an AFM based tool to measure the 
local contact potential difference between a conducting AFM tip and the sample, 
thereby mapping the work function or surface potential of the sample at a high 
spatial resolution. KPFM has been used extensively to characterize the nano-
scale electronic/electrical properties of metal/semiconductor surfaces and 
semiconductor devices [73]. 
In Publication 1, adhesion force experiments were performed in air 
using a Bruker MultiMode V8 AFM operating in peak force quantitative 
nanomechanical mapping mode. Experiments in the inert argon (Ar) 
environment were performed with Cypher ES AFM (Asylum Research). Prior to 
each measurements, the probes were calibrated to determine the exact spring 
constant and displacement in nm. The force-distance curves were collected 
using each probe on the SWCNT substrate over a grid of 256×256 points2 in air 
and 32×32 points2 in Ar on a 10×10 μm2 area with the maximum applied force 
ranging from 5 to 200 nN. From these maps, average adhesion force and 
deformation were extracted. In Publications 2 and 3, KPFM from Asylum 
Research—Cypher ES was used to test the work function of the SWCNTs, 
PEDOT:PSS and SWCNTs-PEDOT:PSS composite film. We used Budget 
Sensors ElectriMulti75-G tips with a spring constant of 1.43 N m−1 and the first 
resonance frequency of 62.081 kHz. The measurements were conducted in an 
Ar atmosphere glovebox in two pass amplitude modulated-KPFM with the 
second pass lift height at 35 nm. Highly oriented pyrolytic graphite ZYA was 
used for calibration prior to the actual measurements. 
 
3.6 Current density-Voltage (J-V) measurements 
The performance of a solar cell device is evaluated by its current density-
voltage (J-V) curve under illumination [11]. In Figure 3-2, a typical J-V curve of 
a solar cell is shown. The short-circuit current density JSC is the maximum 
current density and is obtained in short-circuit condition at V = 0. In the ideal 
case, it should equal the photo-generated current density Jph, assuming that the 
dark current at short-circuit conditions can be neglected (close to zero in 
absence of light). The open-circuit voltage VOC is the maximum voltage 
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generated by the solar cell and is obtained at J = 0, when no net current is 
flowing. At any point on the J-V curve, the power density that is delivered by the 
solar cell is defined by ? ? ? ? ?. The point where the power reaches its 
maximum Pmax is called the maximum power point (MPP) with its 
corresponding current density, Jm, and voltage Vm. The fill factor FF is defined 
as the ratio of the maximum output power (density) of the solar cell to the 
product of the short-circuit current (density) Jsc times the open-circuit voltage 
Voc [11]: ?? ? ??????????? ?
?????
???????
  which corresponds to the ratio of the shaded 
rectangle to the rectangle with the dashed border in Figure 3-2. The fill factor 
FF is linked to the series and shunt resistance Rs and Rsh of the solar cell that are 
calculated from the slope ?? ???  at ? ? ??? and ? ? ?, respectively. The Rs 
represents ohmic resistance in the connection wires up to the solar cell and 
other ohmic resistances within the solar cell between the external connection 
point and the actual active device; Rsh identifies the actual ohmic shunts, and 
also symbolizes the recombination losses within the solar cell [11]. In principle, 
for any solar cell the Rs and Rsh resistances arise from losses that occur in 
different regions of the solar cell, and Rs should be as low as possible and Rsh is 
high as possible. FF is a very sensitive experimental indication of the quality of 
a solar cell and it should be used as a complimentary quantity, in addition to the 
open-circuit voltage Voc to characterize solar cell quality [11]. Finally, the power 
conversion efficiency (PCE) ƞ is defined as the ratio of maximum power, Pmax, 
provided by the solar cell to the power of the incident light Pill, and can be 
calculated from, ? ? ???????? ?
??????????
????
. Solar cells in this work are characterized 

























Figure 3-2. Current density-voltage, J-V curve of a solar cell and the 
parameters that can be evaluated: short-circuit current density JSC, open-circuit 
voltage VOC, current density and voltage at the MPP JM and VM, respectively. 
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The nature of a J-V curve depends on the environmental conditions under which 
it has been measured. Therefore, standard measurement and reporting 
conditions have been agreed by the IEC for determining the PCE of the solar 
cell: an illumination spectrum called Air Mass 1.5G (AM1.5G) with an input 
power Pill of 1,000 Wm-2  and temperature of 25 °C as in IEC 60904-1 and IEC-
60904-3 [74,75]. These are referred as 1Sun conditions. The AM1.5G spectrum 
cannot be completely achieved, hence it is approximated by using a solar 
simulator in the laboratory [11]. Throughout this thesis, the solar cells are 
measured using Oriel Sol3A Class AAA, Newport Corporation coupled with a 
source-meter unit Keithley 2400. 
 
3.7 EQE measurements 
A J-V curve measurement yields information on the absolute value of 
the Jsc produced in a solar cell. However, this simple measurement does not 
yield information on the loss mechanisms that are responsible for the fact that 
not every photon in the solar spectrum contributes to Jsc. In the ideal case, every 
photon with a suitable energy ? ? ??, where Eg is the band gap of the absorber 
material, would lead to one electron-hole pair being collected at the terminals 
of the solar cell. However, in reality this is not the case due to the following 
reasons: parasitic absorption of the photon themselves, through part of the 
photons not being absorbed at all within the solar cell, or finally through the 
recombination of electron-hole pairs. Therefore, we are interested in exploring 
the reasons for these losses. The EQE method sheds light on this problem 
through spectral measurement of the JscEQE. The EQE is defined as the number 
of electrons collected per photon incident on the solar cell according to [11] 
??? ? ???
????
???????where ɸ(λ) is the incident photon flux per time and unit area of the 
incident light for a certain wavelength and q is the elementary charge. The 
measurement is performed by illuminating a solar cell with monochromatic 
light and measuring the photo-generated current for a given wavelength. The 
measurements are performed in short-circuit conditions. In order to improve 
the signal-to-noise ratio, the probe light was chopped and changes in 
photocurrent were detected using a lock-in amplifier.   
The EQE of the solar cells in this thesis was measured using a Bentham 
PVE300 spectral response measurement system. This system used two sources 
of 75W xenon (300–700 nm) and 100W quartz halogen (700–1800 nm) 
coupled with a monochromator with a 1.85 × 1.85 mm2 slit at the output, which 
provides an approximately 2 × 2 mm2 monochromatic probe beam on the 
working plane of a calibrated solar cell. To correct the signal from the lamp 
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spectrum, calibration was performed on a monocrystalline-Si sample. By 
integrating the EQE curve over the investigated wavelength range (300 – 800 
nm) between λ1 and λ2, the current density ???????of the solar cell can be 
calculated, with the assumption that the ??????? without light bias will be equal to 
the Jsc from J-V curve [76]: ??????? ? ?? ? ???????????????????
??
??  where q is the 





4. Results and discussion
Each of the following sections describes the main results obtained in Publica-
tions 1-4.  
In this section, the results obtained in the development of a conductive 
p-type SWCNT transparent conductor and its application in hybrid heterostruc-
ture solar cell based on amorphous silicon are discussed. At the beginning, the 
results obtained for quantitative measurements of the adhesion of SWCNT films 
with substrate materials in air and inert Ar atmosphere using atomic force mi-
croscopy is presented. It is found that adhesion of SWCNT films depends on the 
atmospheric conditions under which it is stored and deposited on a substrate 
material. Following this, a simple fabrication method of hybrid heterostructure 
solar cells is proposed in which the SWCNT-PEDOT:PSS composite p-type film 
forms a coupled continuous hybrid heterojunction with a-Si:H absorber. The 
opto-electrical properties of this composite is extensively characterized and fur-
ther optimized by introducing multifunctional components like ultrathin MoO3 
and SWCNT fibers. Finally, a rationally designed p-type transparent conductor 
is proposed with a state-of-the-art sheet resistance of 17 Ω/sq at 90% transmit-
tance. Integrating the developed p-type transparent conductor as a window 
layer and top electrode on a-Si:H in a nip configuration resulted in a dramatic 
16% increase in its power conversion efficiency reaching up to 8.8%.  
 
4.1 Adhesion of SWCNT films (Publication 1) 
This section focuses on the systematic investigation of the adhesion 
properties of SWCNT films with various substrate materials, including SiO2, 
ITO, c-Si, a-Si:H, ZrO2, Pt, PDMS, and SWCNTs for self-adhesion, using atomic 
force microscopy in air and an inert atmosphere. The results outlined here ena-
ble a fundamental understanding of the parameters governing SWCNT film ad-
hesion, and provide a mechanism to improve the adhesion for its efficient usage 
in opto-electronic devices. 
In this work, aerosol synthesized SWCNTs [77,78] are dry-transferred 
from a nitrocellulose filter [79] to a Si wafer. The film was investigated in an 
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atomic force microscope by collecting force-distance (F-D) curves between the 
SWCNT thin film sample and cantilevers coated by a given material, as shown 
in Figure 4-1. 
 
Figure 4-1. Cantilever tips covered with different materials: Si, ZrO2, a-Si:H, 
ITO, PDMS, SiO2, SWCNT, and Pt. Reprinted and adapted with permission from 
(J. PHYS. CHEM. LETT. 2020, 11, 2, 504-509) under a CC-BY license. Copyright 
(2020) American Chemical Society. 
 
Collected maps of F-D curves (averaged over 65, 536 measurements in 
air and 1024 measurements in inert Ar atmosphere) were analyzed by the 
microscope software. The sample deformation, adhesion force, and peak force 
values were extracted from F-D curves [80] as shown in Figure 4-2a and 2b. 
Peak force, or maximum force load, is a predefined set point parameter that is 
controlled by a microscope feedback loop system. 
In order to determine and compare the intrinsic adhesion parameters 
between SWCNTs and a given material, the measured adhesion force was nor-
malized by the tip-CNT contact area, which is governed by aforementioned force 
load and tip radius. The Hertz model [81] was used to estimate the tip-surface 
contact area at the extremum applied force as ? ? ? ? ???? ? ?? where Rtip is the 
tip apex radius and h is the deformation. Within this model it is assumed that 
the tip apex is a rigid sphere of a certain radius Rtip, which was measured on the 
dimpled aluminum substrate [82], the CNT surface is elastic half space, and the 
strain is in the elastic limit. The surface roughness is neglected. Despite the fact 
that in the Hertz model the contact is nonadhesive, it can be accurately applied 
to adhesive contacts when the adhesive force is small relative to the applied 
force. The maximum applied force is limited due to the fact that the probe may 
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drop through a meshy SWCNT surface under a high force loading. As a result, 
the tip-sample contact area sharply increased due to side contacts of the tip with 
surrounding CNTs, leading an augmented adhesion force (e.g. Figure 4-2c 
shows the change in the slope of adhesion force with deformation for ZrO2 at a 
peak force of 50 nN as in the inset). With this assumption the moment of the tip 
drop is inferred from the slope break in the plots shown in Figure 4-2c. With 
increasing applied force, the adhesion force demonstrates a gradual linear 
growth. Applying a force of 50 nN resulted in a steep gain in the adhesion force 
and in some cases cutback of the deformation as shown in Figure 4-2c and cor-
responding F-D curves in Figure 4-2b. The measured AF as described above 
[72,80,83] and the calculated SAFD, which is the adhesion force normalized to 




Figure 4-2. (a) Schematic F-D curve; (b) Force-distance curves of SWCNT 
and ZrO2 at a peak force of 50 nN and 200 nN captured in an inert Ar atmos-
phere; (c) Adhesion force versus deformation measured in air and inert Ar at-
mospheres between a SWCNT film and ZrO2; and (d) Adhesion force (AF) (right 
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axis, solid bars) and surface adhesion force density (SAFD) (left axis, dashed 
bars) of SWCNT thin films with various materials. Reprinted and adapted with 
permission from (J. PHYS. CHEM. LETT. 2020, 11, 2, 504-509) under a CC-BY 
license. Copyright (2020) American Chemical Society. 
 
For all the studied materials, the normalized adhesion force (adhesion 
force density) in the inert Ar atmosphere was higher than in ambient air, which 
can be explained by the difference in the ambient humidity and its influence on 
SWCNTs as shown by Shandakov et al. [84]. RH can affect adhesive properties, 
especially at the nanoscale, due to the formation of a capillary bridge when RH 
exceeds a threshold value of roughly 25% [85–87]. The capillary force strongly 
depends on the sample’s local curvature, which affects capillary bridge geometry 
resulting in a higher adhesion force for a concave surface and a lower adhesion 
force for a convex surface [85,88]. On hydrophilic surfaces, increasing humidity 
results an increased pull-off force, whereas on hydrophobic surfaces humidity 
has a negligible effect [89,90]. Since SWCNTs are hydrophobic [91] and possess 
a convex surface geometry, the capillary bridge effect is likely to be negligible. 
Instead, the smaller adhesion force in air is better explained by the reduction of 
the VdW forces in a polar water medium between the tip and the SWCNT thin 
film [92,93].  
The experimentally measured adhesion force shown in Figure 4-2d can 
explain the following observations: SWCNT thin films are easily dry-transferred 
onto a-Si:H, Si, SiO2, and PDMS in air, while under the same conditions their 
transfer onto ITO and Pt is complicated and completely failed on ZrO2. 
However, the same SWCNT thin films are easily dry-transferred onto all the 
materials in an inert atmosphere.  
To verify that the adhesion force is strongly dependent on the humidity, 
the a-Si:H, C-Si, ZrO2, ITO, and Pt coated tips were fluorinated (HF-treated). 
The process of fluorination (HF-treatment) is well-known to alter the surface 
properties of materials without changing the bulk characteristics of the pristine 
material [94,95]. The altered properties may include wettability, adhesion, 
chemical stability, permeation, electrical conductivity, bio-compatibility, 
grafting, mechanical behavior, and several others [94]. Dry process fluorination 
was used, which proceeds spontaneously at room temperature by exposing the 
samples to HF vapor for 60 seconds. Each tip was calibrated again immediately 
after HF treatment and the adhesion force measurements were conducted on 
the same SWCNT thin films in air at a peak force of 50 nN. The measured 
adhesion forces were recorded for the HF treated tips as illustrated in Figure 4-
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2d showing that the adhesion force increased for all HF treated tips. This trend 
is similar to the adhesion force measurements conducted in the inert 
atmosphere. Moreover, after the fluorination process SWCNT films can be 
easily dry-transferred even onto problematic materials, such as ITO, Pt, and 
ZrO2.  
To summarize, through experimental observations it can be stated that 
the adhesion is greatly influenced by the environmental conditions and surface 
functionalization. It is observed that the SWCNT films have a better adhesion in 
an inert Ar atmosphere. However, the adhesion affected by storing the samples 
under ambient conditions can be greatly improved by a simple HF-treatment. 
This provides new insight into the physical mechanisms of SWCNT thin film 
adhesion that will be useful for its successful implementation in carbon 
nanotube based devices. 
 
4.2 SWCNT-PEDOT:PSS (Publication 2)  
The goal of this section is to utilize the knowledge of SWCNT film adhe-
sion and introduce the synergistic effect of SWCNT film and conductive polymer 
PEDOT:PSS as effective p-type window layer and electrode in hybrid thin film 
solar cells using a-Si:H. The results outlined here enable a fundamental under-
standing of the opto-electrical properties of SWCNT films and composite 
(SWCNT-PEDOT:PSS) films, and the fabrication of SWCNT/a-Si:H, PE-
DOT:PSS/a-Si:H, and SWCNT-PEDOT:PSS/a-Si:H hybrid thin film solar cells 
(HSCs), and introduce PMMA as an effective AR layer. 
 
4.2.1 Optical and electrical properties  
Aerosol synthesized SWCNT films [77,79,96] of various transmittance 
values were characterized for their thickness and sheet resistance. The 
calculated thickness for a film with a transmittance of T = 90% was about 18 nm 
(as described in section 3.1) and the measured thickness from AFM was about 
19±1 nm. They were dry-transferred [77] onto cleaned micro glass slide (1 × 1 
cm2) and Si wafer (1 × 1 cm2) to measure their sheet resistance and thickness, 
respectively. The SWCNTs film transferred on Si wafer was densified using iso-
propanol and allowed to dry till the solvent evaporation. A scratch was made on 
the SWCNTs film surface to measure the thickness using AFM. The thickness 
was averaged over 50 measured points. Figure 4-4 shows the dependence of 
thickness and sheet resistance on the transmittance at 550 nm. As 
transmittance increased from 44.4% to 93.5% the sheet resistance increased 
from 45±2 to 360±2 Ω/□ respectively. In addition, a simple drop-cast of 
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PEDOT:PSS (2 μl) on the SWCNT films led to a decrease in the sheet resistance 
by nearly half to 23.4±3.0 and 187.2±4.0 Ω/□ for the SWCNT films with 
transmittances of T = 44.4% and T = 93.5%, respectively.  
 
Figure 4-4. Dependence of SWCNT film thickness and sheet resistance on 
transmittance at 550 nm. Reprinted and adapted with permission from 
(NANOTECHNOLOGY 29 (2018) 105404 (10PP)) under a CC-BY license. 
Copyright (2018) IOP Publishing Ltd. 
 
KPFM was used to better understand the decrease in the sheet resistance 
of SWCNTs with PEDOT:PSS. Three SWCNT film samples with different 
thicknesses (CNT10, CNT20, and CNT100) were measured with and without 
PEDOT:PSS. For comparison, a single PEDOT:PSS film was also measured 
separately. The values of the work function were calculated from KPFM surface 
potential measurements for the pristine SWCNTs (4.50±0.05 eV), composite 
film (4.95±0.05 eV), and PEDOT:PSS (5.30±0.05 eV). Fan et al. reported 
similar values of work functions measured by ultraviolet photoemission 
spectrscopy [97].  
The decrease in the sheet resistance of the SWCNT-PEDOT:PSS 
(composite) film and the increase in its work function compared to the pristine 
SWCNT film can account for the fact that every single carbon atom are on the 
surface exposed to the environment. Therefore, any atom/molecule put on a 
SWCNT cause changes in their electronic structure and charge transfer between 
the atom/molecule and a nanotube. Therefore, when PEDOT:PSS is injected it 
filled micropores in the SWCNT film and, that the holes in the PEDOT:PSS 
patches can transfer to the interconnected SWCNT network consequently, 
doping the SWCNTs [56,57,97]. As can be seen from Figure 4-5a and 5b, the 
surface of the composite film is flat and the SWCNT bundled network cannot be 
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observed clearly from the top of the composite film. This is confirmed by the 
AFM surface roughness measurements, wherein the pristine SWCNT films 
showed a RMS roughness of 20 nm, while the composite film RMS roughness 
was 7 nm. The effect of SWCNT doping can be clearly seen as the work function 
of the composite film is higher than that of the pristine SWCNTs. Although 
PEDOT:PSS is less conductive and has a low carrier mobility, the continuous 
SWCNT network serves as a carrier transport bridge due to its high carrier 
mobility. Moreover, the net effect of conductivity enhancement is observed to 
be more pronounced for thinner SWCNT films with PEDOT:PSS. This is 
probably due to more even distribution of the conducting polymer in the 
network of SWCNT bundles [97]. This results in a homogeneous coating 
throughout the thickness of thinner SWCNT films.  
 
Figure 4-5. Surface morphological SEM image of (a) the randomly oriented 
pristine SWCNT films; (b) uniformly coated composite film (PEDOT:PSS - 
SWCNT film). Reprinted and adapted with permission from 
(NANOTECHNOLOGY 29 (2018) 105404 (10PP)) under a CC-BY license. 
Copyright (2018) IOP Publishing Ltd. 
 
4.2.2 Hybrid solar cell fabrication 
Figure 4-6a schematically illustrates the HSCs fabrication procedure. 
The initial layers were fabricated on Corning Eagle XG glass. First, Al:ZnO lay-
ers were deposited by DC-sputtering as a transparent back contact for bifacial 
solar cells. Then, n-doped (30 nm) and intrinsic (i) a-Si:H (300 nm) layers were 
grown using PECVD using silane, hydrogen and phosphine  on top of the Al:ZnO 
[98]. The i-a-Si:H surface was treated with HF vapor  for 140 seconds to remove 
the native oxide from the surface. Initially, three types of solar cells were fabri-




The SWCNT film was dry-transferred onto an HF-treated i-a-Si:H sur-
face and densified by drop-cast of IPA to ensure a better contact and adhesion 
to form an SWCNT/a-Si:H HSC. The samples were further heated to 75 oC in air 
for 5 minutes to remove the residual solvent.  
An electrically conductive PEDOT:PSS polymer, was chosen for 
application in PEDOT:PSS/i-a-Si:H HSC due to its high hole mobility and 
environmental stability. PEDOT:PSS was drop-cast or spin coated on top of the 
i-a-Si:H structures for 90 seconds at 3000 rpm with an acceleration speed of 
800 rpm/second from the mixture of aqueous suspension of 5 ml PEDOT:PSS 
(1.3 wt % Sigma-Aldrich) with glycerine, N-methylpyrrolidone and  IPA in a 
ratio of 1:2:19 respectively. Lastly, to evaporate residues from the solvent and to 
activate the acceptor states of the polymer [99] the devices were annealed on a 
hot plate at a temperature of 160º C for 10 minutes.  
Subsequent to annealing rectangular shaped front contacts were made 
at the edges using silver paste on SWCNT/a-Si:H and PEDOT:PSS/a-Si:H HSC 
structures, respectively. To harden the front contacts the devices were annealed 
at 160º C for 5 minutes on the hot plate. The active area of the SWCNT/a-Si:H 
and PEDOT:PSS/a-Si:H HSCs was around 0.5 cm2. 
Further, a series of pristine SWCNT films with varying thicknesses (10 
nm, 20 nm, 40 nm, 60 nm, 80 nm, and 100 nm) was dry-transferred onto an 
HF treated i-a-Si:H surface under ambient conditions [77]. A thin PEDOT:PSS 
layer with a thickness of 50±5 nm was deposited by a simple drop-cast tech-
nique to form PEDOT:PSS-SWCNT/a-Si:H HSCs. It was heated on a hot plate 
in air at 160 oC for 10 minutes. A thin strip of silver paste was marked at the 
edges on four sides forming an active HSC area of 0.3 cm2.  
The back contact Al:ZnO was reached locally by wet chemical etching of 
both silicon layers (330 nm) using 6 M KOH solution. Prior to the etching, the 
samples were heated to 160 oC in air on a hot plate for 20 minutes. A small 
volume of 1 μl KOH solution was drop-cast at the edge of the heated samples of 
the a-Si:H structure. The chemical reaction occurred immediately and the 
samples were removed from the hot plate after 5 seconds and then rinsed with 
deionized water. The samples were flushed with nitrogen gas and then heated 
to 70 oC in air for 5 minutes to ensure water evaporation. The Al:ZnO resistivity 
was measured to be 16 Ωcm. The completed architecture of the SWCNT/a-Si:H 
solar cell device is shown in Figure 4-6b.  
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Figure 4-6. (a) Fabrication steps of the HSC process flow: (i) Obtained  struc-
ture with a-Si:H absorber; (ii) Chemical local etching of a-Si:H to reach Al:ZnO 
back contact with KOH; (iii) HF vapor treatment of a-Si:H surface for 140 sec-
onds to etch the native oxide; (iv) Dry transfer of SWCNTs onto a HF-treated a-
Si:H surface at ambient conditions; (v) Drop-cast of PEDOT:PSS at ambient 
conditions; (vi) Bordering active area of HSC with silver (silver paste) and final 
device structure of HSC; and (b) Fabricated SWCNT/a-Si:H HSC device. Re-
printed and adapted with permission from (NANOTECHNOLOGY 29 (2018) 
105404 (10PP)) under a CC-BY license. Copyright (2018) IOP Publishing Ltd. 
 
4.2.3 Solar cell characterization 
Synergistic effect of SWCNT-PEDOT:PSS. The J-V characteristics 
of the three types of hybrid solar cells: PEDOT:PSS-SWCNT/a-Si:H, 
PEDOT:PSS/a-Si:H and SWCNT/a-Si:H were measured in the dark (Figure 4-
7a) and under illumination (Figure 4-7b). The J-V characteristics of the best 
performing HSCs measured in the dark clearly reveal the diode properties of all 
the three types. Analyzing the dark J-V curve for all three types of solar cells 
showed the, PEDOT:PSS-SWCNT/a-Si:H solar cell to exhibit a higher reverse 
saturation current density (Jo) than the other two solar cells, while their RSh, Rs 
and n were nearly the same. The calculated values for the PEDOT:PSS-
SWCNT/a-Si:H solar cell were Jo = 3.40±0.01×10-4 mA/cm2, Rp = 75.0±0.5 
MΩ/cm2, Rs = 30.0±0.5 kΩ/cm2 and n = 1.05±0.05.  
J-V curve shifts under illumination showed a typical photovoltaic 
behavior for all the three hybrid solar cells. However, solar cells with 
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PEDOT:PSS-SWCNTs and a-Si:H showed more desirable J-V characteristics 
than those with only PEDOT:PSS or SWCNT film. The PEDOT:PSS-SWCNT/a-
Si:H solar cell exhibited a better performance: a short-circuit current-density of 
Jsc = 3.56±0.10 mA/cm2, an open-circuit voltage of Voc = 0.803±0.003 V, a fill 
factor of FF = 54±3% and a efficiency of ƞ = 1.57±0.03%. Whereas, for the 
PEDOT:PSS/a-Si:H and SWCNTs/a-Si:H solar cells the equivalent values were 
Jsc = 3.03±0.10 and 2.80±0.10 mA/cm2, Voc = 0.710±0.003 and 0.700±0.003 
V, FF = 40.4±3.0% and 45.2±3.0%, and ƞ = 1.03±0.03% and 1.10±0.03%, 
respectively (Table 4-1). It is worth noting that the fill factor and open circuit 
voltage of the PEDOT:PSS-SWCNT/a-Si:H hybrid solar cell exceeded that of 
amorphous silicon hybrid solar cells using either SWCNTs or conductive 
polymer [16,17,19,30,31,100]. This can be explained by the introduction of 
PEDOT:PSS which fills the micropores of the SWCNT film and forms a 
continuous contact with i-a-Si:H. This leads to the formation of coupled 
heterojunctions between SWCNT/i-a-Si:H and PEDOT:PSS/i-a-Si:H rather 
than the usual single-heterojunction between SWCNT/i-a-Si:H,  as has been 
previously reported. Thus, in the PEDOT-SWCNT/i-a-Si:H solar cell, beyond 
the heterojunctions formed by PEDOT:PSS and SWCNT individually, their 
combined effect is more important.  
EQE measurements of all the three types of hybrid solar cells are shown 
in Figure 4-7c. The EQE spectrum for PEDOT:PSS-SWCNT/a-Si:H shows a 
higher EQE saturation value of 24% than for the other two solar cells. 
Additionally, the SWCNT/a-Si:H solar cell shows a strong blue-shift which may 
arise from the strong absorbance of SWCNTs near 250 nm [54], phase shift of 
incident wavelength caused by stack of different refractive index materials in 
the solar cell. Moreover, in Figure 4.7c for SWCNTs/a-Si:H HSC, the SWCNTs 
film have a non-uniform contact with underneath a-Si:H creating voids, which 
are filled with the insertion of PEDOT:PSS in the SWCNTs network (as shown 
in surface morphological SEM Figure 4-5). This results in a continuous junction 
with improved interface and reduced recombination. This is clearly noted in 
Table 4-1, with higher Voc values for PEDOT:PSS-SWCNT/a-Si:H HSC when 
compared to SWCNTs/a-Si:H or PEDOT:PSS/a-Si:H. However, all three EQE 
spectra of the hybrid solar cells resemble those of standard a-Si:H solar cell at 
wavelengths of 300-800 nm. The current densities from the EQE and J-V curves 
match closely for all three solar cells. The sharp decrease in the EQE beyond 700 
nm can be attributed to the a-Si:H mobility gap (1.7 eV).  
Combining the J-V parameters and EQE, the PEDOT:PSS-SWCNT/a-
Si:H fabricated solar cell was found to exhibit a state-of-the-art fill factor and 
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open circuit voltage; while its current density was lower due to an increased ab-
sorption of incident photons at the PEDOT:PSS-SWCNT layer (p-layer). Hence, 
the p-layer needs to be optimized in order to increase absorption and photo-
generation of charge carriers in the i-a-Si:H. This will potentially lead to a higher 
photo-generated current density and efficiency. 
  
 
Figure 4-7. (a) dark; and (b) photo J-V characteristics of PEDOT:PSS-
SWCNT/a-Si:H, PEDOT:PSS/a-Si:H and SWCNT/a-Si:H hybrid solar cells; and 
(c) EQE spectrum. Reprinted and adapted with permission from (PHYS. 
STATUS SOLIDI B 2018, 255, 1700557) under a CC-BY license. Copyright 
(2017) WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 
Table 4-1. J-V parameters of the fabricated solar cells: Voc, Jsc, FF, and PCE (ƞ). 








PEDOT:PSS-SWCNT/a-Si:H 0.803 3.56 54.0 1.57 
PEDOT:PSS/a-Si:H 0.710 3.03 40.4 1.03 
SWCNT/a-Si:H 0.700 2.80 45.2 1.10 
 
Optimization of SWCNT-PEDOT:PSS. The J-V characteristics of 
HSCs fabricated with pristine SWCNTs of different thicknesses (10 nm, 20 nm, 
40 nm, 60 nm, 80 nm, and 100 nm samples named CNT10, CNT20, CNT40, 
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CNT60, CNT80, and CNT100, respectively) are shown in Figure 4-8a and tabu-
lated in Table 4-2. A PCE of ƞ = 2.7±0.3% with a FF of 41.5±3% was achieved 
for CNT20. As shown in Figure 4-8a, a pristine SWCNT thickness of 19±1 nm 
was found to be the best in combination with PEDOT:PSS (50±5 nm). A Jsc of 
7.9±0.1 mA/cm2 and Voc of 0.82±0.04 V was measured. Analysis of the dark 
state curve shown in Figure 4-8a, resulted in J0 = 6.05±0.01×10-4 mA/cm2, the 
Rp = 106.0±0.5 MΩ/cm2, the Rs = 30±2 kΩ/cm2, and the n = 1.10±0.05. The 
high shunt resistance value together with a very low value of reverse saturation 
current density and series resistance led to a high PCE of the SWCNT/a-Si:H 
HSCs. For these measurements, the light was illuminated from the SWCNT side. 
Moreover, from the J-V parameters in Table 4-2, the current density was found 
to increase from 3.90±0.02 mA/cm2 for CNT10 to 7.9±0.1 mA/cm2 for CNT20; 
then to decrease for all the subsequent HSC devices with SWCNT films above 19 
nm in thickness. The low current density for CNT10 can be explained by the high 
resistance of the SWCNTs and PEDOT:PSS. A further increase in the thickness 
of the SWCNT film beyond 19 nm with PEDOT:PSS yielded a lower current den-
sity induced by the decrease in transmittance of SWCNT films. It must be taken 
into account that the back reflection and the carrier collection on backside were 
provided with only an Al:ZnO layer and not with a back metal contact. This sig-
nificantly deteriorated the cell efficiency.  
Figure 4-8b shows the experimental EQE spectra corresponding to var-
ious SWCNT thicknesses in HSCs. It can be observed that the EQE value de-
creases with increase in the SWCNT films thickness, with a maximum EQE 
value of 42% at 514 nm obtained for CNT20. This is caused by lower absorption 
in the composite film (p-layer) and reduced recombination at the a-
Si:H/SWCNT interface in CNT20 compared with any other sample. The current 
density was calculated from EQE (as described in section 3.7) for all the fabri-
cated solar cells. The current density values of all the solar cells from the J-V 
curve and EQE match closely. For CNT10, CNT40, CNT60, and CNT80 the EQE 
dramatically decreases for wavelengths shorter than 350 nm indicating a strong 
surface recombination at the i:a-Si:H/SWCNT interface. A sharp fall in the EQE 
for all SWCNT film thickness beyond 700 nm can be attributed to the a-Si:H 
energy gap (1.7 eV). This spectral behavior resembles that of a-Si:H nip solar 
cells, indicating that the photo generation process goes on mainly within the i:a-
Si:H.  
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Figure 4-8. Characteristics of HSCs fabricated with SWCNT films of different 
thicknesses: (a) J-V curves of the photo and dark current response for CNT20; 
(b) EQE spectra. Reprinted and adapted with permission from 
(NANOTECHNOLOGY 29 (2018) 105404 (10PP)) under a CC-BY license. 
Copyright (2018) IOP Publishing Ltd. 
 
Table 4-2. Comparison of J-V parameters: Voc, Jsc, FF, and ƞ of HSCs fabricated 
with SWCNT films of different thicknesses.  








CNT10 0.828 3.90 46.9 1.5 
CNT20 0.820 7.90 41.5 2.7 
CNT40 0.904 6.80 44.1 2.7 
CNT60 0.896 5.90 52.3 2.8 
CNT80 0.860 5.70 45.4 2.6 
CNT100 0.872 3.04 48.0 1.3 
 
The high current density of CNT20 can also account for the inherent 
Schottky behavior of SWCNTs due to metallic and semiconducting tubes within 
its network. Semiconducting SWCNTs have a work function of 4.5 eV with a 
band gap of 0.5 eV [53] and metallic SWCNTs with a zero bandgap [101] have a 
work function of nearly 5.0 eV. On forming a composite film with PEDOT:PSS, 
the SWCNTs network is doped thereby increasing the work function of 
semiconducting SWCNTs [97]. This is confirmed by the KPFM measurements 
of the composite film with a work function of 4.95 eV, which is close to the work 
function of metallic SWCNTs. When this composite film is in contact with i:a-
Si:H (Fermi level position of 4.70 eV) [102], the Schottky barrier is reduced 
across the a-Si:H/SWCNT interface. Moreover, once the thickness of the 
SWCNT film increases beyond 19 nm, the transmittance decreases, which leads 
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to a lower absorption and reduced photo generated carriers in the i:a-Si:H. In 
addition, as the SWCNT film thickness increases, PEDOT:PSS is not evenly 
distributed along the thickness of  the SWCNTs. This possibly results in two 
recombination centers at the SWCNTs/PEDOT:PSS and SWCNTs/a-Si:H 
interfaces. Thus, the concentration of the generated hole carriers is lower for 
CNT40, CNT60, CNT80, and CNT100. It is worth mentioning that in our 
approach, the optimized composite film of PEDOT:PSS and SWCNT not only 
increases the effective contact area of a-Si by forming a continuous 
heterojunction, but also stimulates the holes in PEDOT:PSS to be transferred to 
the interconnected SWCNT network due to the higher charge carrier mobility 
and low sheet resistance of SWCNTs along with their one-dimensional axis 
[103,104]. Thus, PEDOT:PSS and SWCNT together facilitate hole transport 
from a-Si as shown above in a synergistic effect of SWCNT-PEDOT:PSS. 
Compared to all the previously reported work [30–32], the combined effect of 
SWCNTs and PEDOT:PSS was utilized to attain a better and higher J-V 
characteristics of HSC. This also explains the state-of-the-art performance of 
the HSCs fabricated in our work. 
PMMA as an AR layer. PMMA was used to protect the device from 
any surface modification under ambient conditions. PMMA has a transmittance 
close to 100% over a wide wavelength, where a-Si:H generates photo-induced 
carriers. The fabrication process shown in Figure 6 was modified and the last 
step of PMMA was added by drop-cast (Figure 4-6a – step vi). 2 μl of PMMA 
solution was drop-cast onto the fabricated CNT20 device, so that the active area 
of the cell was uniformly coated. The device was placed on a hot plate at 90 oC 
for 20 minutes to ensure solvent evaporation.  
Comparison of the J-V characteristics of a CNT20 HSC device with 
PMMA and without PMMA is shown in Figure 4-9a and tabulated in Table 4-3. 
Compared to the values reported in Table 4-2, the sample CNT20 with PMMA 
resulted in ƞ = 3.36±0.30%, FF=41.8±3%, Jsc = 8.99±0.10 mA/cm2, and Voc = 
0.896±0.040 V. 10% increase in PCE, Jsc, and Voc were observed with PMMA. 
The dark state curve shown in Figure 9a gives the J0 = 8.04±0.01×10-4 mA/cm2, 
the Rp = 350±1 MΩ/cm2, the Rs = 21±2 kΩ/cm2, and n = 1.06±0.03, i.e close to 
the ideal diode factor, hinting at a reduced carrier recombination. The EQE 
curves of CNT20 with and without PMMA are shown in Figure 4-9b. The EQE 
value saturates at 47.1% demonstrating an increase of almost 10%, compared to 
the device without PMMA. The EQE response is significantly enhanced for a 
wavelength range from 320 to 640 nm. A sharp increase in the EQE value with 
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PMMA from 24% at 318 nm to 47% at 500 nm indicates an enhanced light ab-
sorption and photo generation in the i-a-Si:H.  
Furthermore, the use of PMMA as an AR coating and encapsulant has 
been a topic of interest and several works have focused on the use of a PMMA 
layer acting as a broad band ARC over Si-CNT solar cells [105–107]. Hence, dif-
fuse reflectance measurements were carried out to test the effect of PMMA as 
an ARC in our solar cell. The reflectance spectra of plain a-Si:H, a-Si:H with 
SWCNTs, a-Si:H with PEDOT:PSS, HSC without PMMA, and HSC with PMMA 
are shown in Figure 4-9c. The a-Si:H surface with textures exhibits about 20% 
minimum reflectance ranging from 500–800 nm. The reflection minima of the 
HSC without PMMA are slightly lower than those of plain a-Si:H, at about 16% 
in the visible region. The minimum reflectance of a-Si:H with PEDOT:PSS and 
a-Si:H with SWCNTs is lower than that of plain a-Si:H and is similar to the re-
flectance of HSC without PMMA. Further, HSC with PMMA shows a reduction 
to about 4.5% reflectance in the visible region. Consequently, PMMA as an ef-
fective ARC increases the light trapping efficiency, producing more photogener-
ated carriers and thus increasing the current density and HSC efficiency. 
  
 
Figure 4-9. Characteristics of HSCs fabricated with CNT20 sample: (a) J-V 
curve comparison without and with PMMA for photo and dark current 
response; (b) EQE spectra comparison without and with PMMA; and (c) 
Reflectance spectra of plain a-Si:H, HSC without PMMA, HSC with PMMA, a-
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Si:H with PEDOT:PSS, and a-Si:H with SWCNT film. Reprinted and adapted 
with permission from (NANOTECHNOLOGY 29 (2018) 105404 (10PP)) under 
a CC-BY license. Copyright (2018) IOP Publishing Ltd. 
 
Table 4-3. Comparison of J-V parameters of HSC fabricated with CNT20 
sample without and with PMMA.  








without PMMA 0.820 7.90 41.5 2.70±0.01 
with PMMA 0.896 8.99 41.8 3.40±0.01 
 
4.3 Rational design of p-type transparent conductor (Publication 4) 
The goal of this section is to utilize the findings of Section 4.2 on the 
SWCNT-PEDOT:PSS composite and design a novel p-type TCF using MoO3, 
doping of the SWCNT film and to introduce SWCNT fibers as potential 
replacement for traditional metal contacts. This results in a state-of-the-art TCF 
in a systematic comparison of the optical, electrical, and mechanical properties 
of different TCF configurations. Finally, HSCs are fabricated introducing a 
buffer layer between i-a-Si:H/SWCNT-PEDOT:PSS composite and using 
different TCF configurations: TCF1, TCF2, TCF3, and TCF4. 
 
4.3.1 TCF and solar cell fabrication 
Aerosol synthesized SWCNT films were utilized for this work. The 
doping of SWCNT films was performed using spin-casting of a 15 mM HAuCl4 
solution in ethanol [54]. Thin MoO3 interlayers of about 4 nm were deposited 
using a thermal evaporation technique in a vacuum at room temperature. 
Furthermore, a SWCNTs-PEDOT:PSS composite was formed by spin-casting of 
an electrically conductive PEDOT:PSS on SWCNT films as detailed in Section 
4.2. PMMA solution (4 wt.%) in anisole was spin-casted on SWCNT fibers to 
form the AR layer as detailed in Section 4.2.3. 
SWCNT fibers. To utilize the exceptional electrical properties of 
SWCNTs, the original films were transformed to form self-similar top fiber 
electrodes. SWCNT films were dry-transferred onto a cleaned glass surface. A 
drop of IPA was drop-cast on the SWCNT films. The wet film was carefully lifted 
to make long and narrow SWCNT fibers. Solvent evaporation shrinks the film 
into a dense fiber (fabrication process is shown in Figures 4-10a-d with a width 
of 60 to 100 μm after being placed on top of SWCNTs-MoO3-PEDOT:PSS 
composite film in a wet-state as shown in Figure 4-10e-f. SWCNTs utilized for 
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fibers and films were synthesized under the same conditions. Then the wet fiber 
was placed onto the composite surface and dried to make a conformal contact 
to the underlying SWCNTs-MoO3-PEDOT:PSS composite film as seen from 
Figure 4-10e-f. This flattened shape builds a strong van der Waals interaction 
between the SWCNT fibers and the composite film, induced by their self-similar 
structure, thereby completing the TCF. 
Solar cell fabrication. For solar cell fabrication, 10×10 cm2 
commercial glass substrates coated with 700 nm textured Al:ZnO as the back 
contact were used. Both an n-doped a-Si:H layer and intrinsic i-a-Si:H absorber 
were subsequently grown over the Al:ZnO layer in a multichamber PECVD 
system von Ardenne CS-400PS at 13.56 MHz as detailed in Section 4.2 [98,108]. 
After that the substrate was cut into 2.5×2.5 cm2 individual samples for device 
fabrication. SWCNT films and fiber top electrodes on a-Si:H (i) define the 
working area (1 cm2) of the individual cells. The reference sample was fabricated 
with a conventional 10 nm p-a-Si window layer and a 90 nm ITO front electrode. 
The SWCNT/a-Si:H hybrid solar cells were fabricated as described in detail in 
Section 4.2.2. In brief, partially fabricated a-Si:H thin film solar cells till 
intrinsic layer were utilized. Ultra-thin MoO3 (4 nm) was thermally evaporated 
on a-Si:H (i). Different configurations of developed TCFs (TCF1, TCF2. TCF3 
and TCF4) were deposited onto MoO3 under ambient conditions as a p-type 
window layer and front electrode to complete the device architecture shown in 
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Figure 4-10. SWCNT fiber fabrication process using wet-pulling technique: 
(a) Dry transferred SWCNT film on glass surface; (b) Drop-cast of isopropyl 
alcohol (IPA); (c) Self-shrinking of SWCNT film; (d) SWCNT fiber formation 
under the IPA evaporation; (e) Solar cell architecture with newly developed 
transparent electrode TCF4 (from bottom to top): Glass/Al:ZnO/a-Si:H (n)/a-
Si:H (i)/MoO3/SWCNT doped-MoO3-PEDOT:PSS/SWCNT fibers doped/ 
PMMA; (f) SEM images of SWCNT fibers showing a cross point of two fibers on 
a cell surface, the PEDOT:PSS-MoO3-doped SWCNTs composite film and good 
contact between the composite film and fiber crossed on the cell surface 
uniformly; (g) Fabricated solar cells (with and without PMMA) exposed to sun 
showing the anti-reflective effect with PMMA coating; and (h) Photograph of 
the fabricated solar cell on a-Si using developed TCF showing its transparency. 
Reprinted and adapted with permission from (NANO ENERGY 67 (2020) 
104183) under a CC-BY license. Copyright (2019) ELSEVIER Ltd. 
 
4.3.2 Optical, electrical, and mechanical properties 
All the ingredients utilized to build the p-type multilayer TCFs are listed 
in Table 4-4. SWCNT films were created using a dry-transfer technique [53], the 
SWCNT fibers were wet pulled from the film as described above. For doping of 
the SWCNT films and fibers, HAuCl4 ethanol solution was used. PEDOT:PSS 
layer was deposited onto SWCNT by a spin-casting technique. MoO3 was 
deposited by a thermal evaporation method. The PMMA layer was spin casted 
onto the surface of the SWCNT fibers.  
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The surface morphologies of the pristine SWCNT, MoO3-SWCNT, 
SWCNTs-MoO3-PEDOT:PSS and SWCNTs doped -MoO3-PEDOT:PSS films are 
shown in Figures 4-11a-d. When deposited onto porous SWCNTs, PEDOT:PSS 
impregnates the film, which leads to the formation of a homogeneous composite 
material with a smooth surface. Each successive component added to the 
composite affected both its optical and electrical properties as shown in Table 
4-4. The original SWCNT films had a transmittance of 87% at 550 nm (Figure 
4-11e), whereas that of the fiber shrunk from the same SWCNT film was much 
lower (?2.0%). The reason for the difference is that during the process of being 
picked up and layed down, the film condensed into a narrow dense fiber with 
overlapping nanotube bundles depleting most of the incident light (Figure 4-11). 
Also, for comparison, the optical transmission of PMMA, doped SWCNT film 
and fiber, SWCNT-MoO3 and different TCFs (TCF1, TCF2, TCF3 and TCF4 as in 
Table 4-4) are shown in Figure 4-11. The conductivities (σ in S cm-1) of the 
SWCNT film and SWCNT fiber were 0.15±0.02 S cm-1 and 62.00±7.20 S cm-1 
respectively, demonstrating the excellent conductivity of the SWCNT fiber. The 
doped SWCNT films and SWCNT fibers showed a substantial increase in 
conductivity to 0.51±0.06 S cm-1 and 100.00±11.60 S cm-1, respectively. The 
equivalent sheet resistance (at a transmittance of 90%) [109] of pristine SWCNT 
film was 364 Ω/sq. Doping of the SWCNT film by HAuCl4 reduced the 
transmittance value by 2.6%, but also decreased the equivalent sheet resistance 
to 104 Ω/sq. Similarly, spin casting of PEDOT:PSS on top of the SWCNTs led to 
a decrease in both the transmittance and sheet resistance of the resulted film. A 
composite structure containing doped SWCNTs, MoO3 and PEDOT:PSS 
revealed a transmittance of 81.2% with an equivalent sheet resistance of 65 
Ω/sq. Enhanced optoelectrical properties were observed after SWCNT fibers 
were added on top of the composite (in a 3 bus bar (3BB) configuration with a 
distance between parallel fibers of 3 mm as shown in Figures 4-10 and 4-11f), 
lowering the equivalent sheet resistance to 28 Ω/sq for the non-doped stack 
SWCNTs-PEDOT:PSS/SWCNT fibers (TCF1). This highlights the fact that 
SWCNT fibers can also be substituted for traditional metal contacts owing to 
their high conductivity and simple deposition process as demonstrated here. 
The deposition of MoO3 onto the SWCNT surface (TCF2) before adding 
PEDOT:PSS dropped the value to 22 Ω/sq. A similar observation was reported 
in several studies indicating that MoO3 is a stable dopant to SWCNTs [110–112]. 
A record equivalent sheet resistance of 17 Ω/sq was achieved for a complete 
structure consisting of HAuCl4 doped SWCNTs with MoO3 and PEDOT:PSS 
covered by doped SWCNT fibers (TCF3). To the best of our knowledge, this is 
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the state-of-the-art equivalent sheet resistance for a transparent electrode based 
on randomly oriented SWCNT films and for any transparent p-type conductors 
[113].  
Mechanical properties of TCF. The developed transparent p-type 
conductor showed a high degree of mechanical flexibility in an in-house 
developed bending setup. The TCF3 on a PI substrate was subjected to 50 000 
bending cycles (at bending angles of 20o, 45o, 90o and 180o, which corresponded 
to radii of curvature of 10, 6.5, 4.5 and 1.6 mm-1). The resistance of the electrodes 
increased to 0.65 – 5.15%, respectively, and became stable after 23 000 – 40 
000 cycles as shown in Figure 4-11g. 
 
Figure 4-11. Surface morphology of various types of electrodes: (a) Pristine 
SWCNTs; (b) MoO3-SWCNTs; (c) PEDOT:PSS-MoO3-SWCNTs composite; 
and (d) PEDOT:PSS-MoO3- doped SWCNTs composite. (e) Optical 
transmittance of individual components for the TCFs: pristine and doped 
SWCNT films, SWCNT+MoO3, PMMA, and different types of TFCs: TCF1, 
TCF2, TCF3 and TCF4. For comparison the transmittance spectra of SWCNT 
fiber and SWCNT fiber doped are also presented; (f) A photograph of TCF3 on 
a polyimide substrate; and (g) TCF4 resistance change during 50 000 bending 
cycles at angles of 20°, 45°, 90° and 180° with the radii of curvature from 10 to 
1.6 in mm-1. Reprinted and adapted with permission from (NANO ENERGY 67 








































































































































































































































































































































































































































































































































































































































































































































































































4.3.3 Solar cell characterization 
To demonstrate the applicability of the developed TCFs, the material was 
tested as a p-type window layer and a front electrode in hybrid solar cells based 
on amorphous silicon (the fabricated device picture and the schematics are 
shown in Figures 4-10). Furthermore, for better extraction of charge carriers 
and alignment of bands in the solar cell layers, a supplemental ultra-thin MoO3 
layer was added on the a-Si:H(i) surface as both a passivation buffer layer and 
high work function hole selective contact. The J-V characteristics of four 
different cell types under AM 1.5 and dark conditions are shown in Figures 4-
12a and tabulated in Table 4-5. Typical photovoltaic behavior was observed for 
all types with good correlations between experiments and numerical 
simulations carried out using AFORS-HET (automat for simulation of 
heterostructures) software. The TCF1 solar cell J-V curve exhibited S-shape 
behavior with improved short-circuit current density of Jsc = 11.93 mA cm-2 
compared to a solar cell without MoO3 (Figure 4-12b), open-circuit voltage of 
Voc = 0.795 V, and fill factor of FF = 41.3%, resulting in PCE = 3.9%.  
Subsequently, the TCF2 configuration with MoO3 on the SWCNT film 
exhibited Jsc = 12.63 mA cm-2, Voc = 0.800 V, and FF = 51.1% (PCE = 5.1%) with 
no S-shape and elevated photo and dark currents (Figure 4-12a) indicating 
lower junction and TCF2 resistance (Table 4-4 and Table 4-6).  
TCF3 cell showed an ideal J-V curve with Jsc = 12.83 mA cm-2, improved 
Voc = 0.870 V and significantly increased FF = 67.4%, resulting in PCE = 7.5%. 
In the TCF3, doping of the SWCNT films and fibers increases the conductivity 
of the electrode owing to the reduced Schottky barrier between semiconducting 
and metallic SWCNTs [56] and increase in the hole concentration, which yields 
a significant improvement in the short-circuit current and a drop in series 
resistance (Table 4-5 and 4-6).  
Finally, TCF4 devices demonstrated improved characteristics of Jsc = 
14.11 mA cm-2, Voc = 0.907 V, and FF = 68.0%, leading to a record PCE = 8.3% 
with a diode ideality factor n = 1.02 (Table 4-6). The increase in the short-circuit 
current is mainly due to the AR effect of PMMA leading to higher photo-
generation current in the a-Si:H layer. Introducing a plain aluminum coated 
reflective mirror on the back side of the TCF4 solar cell further increased the 
current density to Jsc = 15.03 mA cm-2 (Figure 4-12c) and exceeded the state-of-
the-art PCE = 8.8%, proving that internal reflection from the back reflector to 
the cell core further contributes into the increase in absorption by the a-Si:H 
layer. For comparison, the J-V curves of the latter device and the standard 
reference solar cell (with boron-doped a-Si:H p-type layer and metal contacts) 
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are shown in Figure 4-12d. A 16% (a net 1.4%) efficiency improvement was seen 
after integrating the newly developed transparent electrode into the nip-
configured a-Si:H solar cell instead of the conventional p-a-Si / TCO front 
window layer stack. It is to be noted that the reference cells are produced at 
substrate temperatures less than 200 °C, without any back reflector, texturing 
and other special processes as carried out for record a-Si:H solar cells.
 
Figure 4-12. Comparison of experimental data and simulations of (a) photo 
and dark J-V curves; (b) photo J-V curves with and without MoO3; (c) photo J-
V curves with and without Mirror; and (d) J-V curves of TCF4 solar cell and 
standard reference a-Si:H solar cell. Reprinted and adapted with permission 
from (NANO ENERGY 67 (2020) 104183) under a CC-BY license. Copyright 
(2019) ELSEVIER Ltd. 
 
Table 4-5. Comparison of experimental J-V parameters of the fabricated solar 
cells with different TFCs, the standard reference a-Si:H solar cell and the solar 












TCF1 0.795 ±0.024 11.93 ±0.36 41.3 ±1.2 3.90 ±0.2 
TCF2 0.800 ±0.024 12.63 ±0.38 51.1 ±1.5 5.10 ±0.2 
TCF3 0.870 ±0.026 12.83 ±0.39 67.4 ±2.0 7.50 ±0.2 
TCF4 0.907 ±0.027 14.11 ±0.42 68.0 ±2.0 8.30 ±0.3 
TCF4 with mir-
ror 
0.909 ±0.027 15.03 ±0.45 68.2 ±2.0 8.80 ±0.3 
Reference a-
Si:H 
0.874 ±0.020 12.90 ±0.32 66.5 ±1.5 7.50 ±0.1 
Without MoO3 0.820 ±0.023 7.90 ±0.33 41.5±0.9 2.70 ±0.1 
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Table 4-6. Calculated n, device Rsr and Rsh of the fabricated solar cells.  
 
The EQE of all solar cell types was measured. Figure 4-13a shows that 
the EQE value saturated at 75% for the TCF1 and nearly 80% for the TCF2 and 
TCF3 solar cells in the range from 300 to 800 nm, corresponding to the a-Si:H 
light absorption wavelength range. This results in an increase in the absolute 
EQE value by 30% compared to a solar cell without a MoO3 layer (Figure 4-13b). 
Increased EQE indicates a reflection drop in the window layer [29], leading to 
enhanced photocurrent generation (Table 4-7). Moreover, MoO3 work function 
(6.5 eV) is higher than that of SWCNTs (4.45 eV), which might lead to additional 
p-type doping [114]. A drop in the series resistance from 10 Ω cm2 (TCF1) to 6 
and 3 Ω cm2 (for TCF2 and TCF3, respectively) proves the rise of the hole 
concentration in the SWCNTs coated by MoO3 (Table 4-6 and Table 4-4). In 
contrast, the TCF4 solar cell with PMMA exhibited an increase in the EQE value 
saturated at around 90%, indicating a reduced reflection. Introducing a 
reflective rear mirror on the back side of a TCF4 solar cell results in broader 
EQE spectra for wavelengths over 500 nm as shown in Figure 4-13c, clearly 
demonstrating increased absorption and better optical control in the a-Si:H 
layer. Also, for comparison the EQE spectra of a standard a-Si:H reference and 
TCF4 solar cells with reflective mirror is shown in Figure 4-13d. The Jsc 
calculated from EQE spectra and J-V parameters for all the solar cell types are 
in very good agreement with the experiment as shown in Table 4-7, thus 
validating the performance of all solar cells with the developed transparent 
conductors. 
Sample N Rsr (Ω cm2) Rsh (Ω cm2) 
TCF1  1.10 10.0 ±1.5 175 ±30 
TCF2 1.04 6.0±1.0 500 ±85 
TCF3 1.03 3.0±0.5 1000 ±171 
TCF4 1.02 3.0±0.5 1120 ±192 
TCF4 with 
mirror 
1.02 3.0 ±0.5 1120 ±192 
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Figure 4-13. Comparison of experimental data and simulations of (a) EQE 
spectra of respective TCF solar cells; (b) EQE spectra of without and with MoO3; 
(c) EQE spectra of without and with mirror; and (d) EQE spectra of TCF4 solar 
cell and standard reference a-Si:H solar cell. Reprinted and adapted with 
permission from (NANO ENERGY 67 (2020) 104183) under CC-BY license. 
Copyright (2019) ELSEVIER Ltd. 
 
Table 4-7. Comparison of Jsc from J-V and EQE curves of the fabricated TCF 
solar cells and the standard reference a-Si:H solar cell.  
Sample Jsc (mA/cm2) 
from  
J-V curves 
Jsc (mA/cm2) from EQE 
TCF1 11.93 ±0.36 11.80 ±0.36 
TCF2 12.63 ±0.38 12.55 ±0.38 
TCF3 12.83 ±0.39 12.77 ±0.39 
TCF4 14.11 ±0.42 14.09 ±0.42 
TCF4 with mirror 15.03 ±0.45 14.97 ±0.45 
Reference a-Si:H 12.90 ±0.32 11.90 ±0.32 
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5. Conclusion and future work
This thesis focusses on the fabrication of hybrid solar cells using 
SWCNTs film and a-Si:H. The work commenced by investigating the major 
factors that influence SWCNT film adhesion to various substrate materials. A 
quantitative evaluation of the SWCNT film adhesion force in air and inert Ar 
atmospheres with various materials including SiO2, ITO, Si, a-Si:H, ZrO2, Pt, 
PDMS, and SWCNTs for self-adhesion deposited directly on the AFM tips was 
measured. Quantitative values were derived for the adhesion force from the 
force-distance curves by estimating the tip-surface contact area according to the 
Hertz model. Adhesion was found to be greatly influenced by environmental 
conditions and by surface functionalization. SWCNT thin films have better 
adhesion in an inert atmosphere. A simple fluorination process greatly improves 
adhesion, which is affected by sample storage and deposition in ambient air.  
This improved understanding of SWCNT film adhesion prompted us to 
combine it with PEDOT:PSS thus forming a SWCNTs-PEDOT:PSS composite. 
The, PEDOT:PSS not only filled the micropores but also improved the surface 
roughness of the SWCNTs. This resulted in a low cost and environmentally 
friendly fabrication method for hybrid solar cells using SWCNT films and a-
Si:H. The window layer and top electrode of this solar cell resulted from the 
synergistic effect of SWCNTs and PEDOT:PSS forming a composite p-type by 
simple dry-transfer and spin-casting techniques. The SWCNT-PEDOT:PSS 
composite p-type with enhanced conductivity provided a continuous hybrid 
heterojunction with a-Si:H. HSC efficiency increased slightly from 1.6% to 2.7%. 
A further increase upto 3.4% was recorded by introducing PMMA as an anti-
reflective layer. Although significant progress was made in terms of SWCNTs/a-
Si:H hybrid solar cell performance, their diode characteristics were still not 
ideal due to the low conductivity of the SWCNTs-PEDOT:PSS composite and 
poor p/i interface. This prompted further optimization of the SWCNTs-
PEDOT:PSS composite film as a p-type transparent conductor.  
Finally, a rational design was proposed for a novel highly efficient 
flexible transparent p-type conductor, combining the superior properties of 
doped SWCNTs with PEDOT:PSS, MoO3 and SWCNT fiber grids into a single 
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composite material. The use of thin multicomponent layers and the introduction 
of high-conductive SWCNT fibers resulted in a dramatic improvement of nearly 
58% in seet resistance compared to the previous state-of-the-art in p-type TCF 
development. As demonstrated here, SWCNT fibers can be used to replace 
traditional metal contacts due to their high conductivity and simple deposition 
process. A configuration of SWCNTs-MoO3-PEDOT:PSS/SWCNT fibers 
resulted in a record equivalent sheet resistance of R90 of 17 Ω/sq with a 
transmittance of 90%, and superior bendability. As a demonstration, the TCFs 
were used as a combined window layer and front electrode to form hybrid thin 
film solar cells with an amorphous silicon absorber. An outstanding current of 
Jsc = 15.03 mA/cm2 and a record PCE = 8.8% for such thin film solar cells led to 
an effective 18% improvement over a conventional nip-configured a-Si:H solar 
cells.  
These results are among the best thin film HSCs achieved for SWCNT 
film and a-Si:H, providing strong evidence that SWCNT-MoO3-PEDOT:PSS 
composite p-type films with SWCNT fibers are potential as hole transport 
window layers and transparent electrodes. It is envisaged that the outcomes of 
this work will secure the future development of novel p-type TCFs in 
combination with the use of pure high quality semiconducting or metallic 
SWCNTs that are aligned with better passivation, improved doping stability of 
SWCNTs, light trapping schemes and nanostructuring that can potentially 
improve future photovoltaic devices. Nevertheless, the applications of the novel 
p-type composite material are not limited to solar cells. Rational design and 
room-temperature processing broaden the horizon for transparent and flexible 
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